This study investigated plant and soil (organic carbon, SOC) responses to shrub management in western U.S. rangeland dominated by Wyoming big sagebrush (Artemisia tridentata Nutt. ssp. wyomingensis Beetle & Young). Plants and soils were sampled in 2009 from paired sets of treatments (mowing to 10 cm height, aerial herbicide application of Spike® 20P [tebuthiuron]) in Sandy and Loamy ecological sites. Plant responses to mowing were consistent for both ecological sites with 1) no effects on live, but three-to four-fold increases in dead, Wyoming big sagebrush plant density, 2) reduced height and cover of Wyoming big sagebrush, 3) increased cover of perennial grasses, and 4) no effects on bare ground. For soils, increased SOC did occur with herbicide application in the Loamy site for both the 0-5 cm (43% increase) and 5-15 cm (17% increase) soil depths, which corresponded to annual soil C sequestration rates of 0.16 and 0.14 Mg C ha -1 yr -1 for the 0-5 and 5-15 cm soil depths, respectively. Shrub management in Wyoming big sagebrush-dominated rangelands affects the plant component for two different ecological sites, whereas effects on SOC were observed only when density of live Wyoming big sagebrush plants was reduced through selective herbicide use.
Introduction
The world's rangelands represent a very large and diverse land resource, and encompass broad temperature and precipitation gradients. Rangelands have considerable potential to mitigate climate impacts resulting from rising atmospheric levels of various greenhouse gases (GHGs), such as carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O) due to their extensive land area (Schimel, Parton, Kittel, Ojima, & Cole, 1990; Ojima, Dirks, Glenn, Owensby, & Scurlock, 1993; Conant, Paustian, & Elliot, 2001) , and low-input management practices (Derner & Schuman, 2007) . Interactions of climate, vegetation and management affect ecosystem responses such as the rate and amount of soil carbon (C) sequestered and the dynamics of individual C pools (Derner, Boutton, & Briske, 2006; Derner & Schuman, 2007; Ingram et al., 2008; Follett & Reed, 2010; Liebig, Gross, Kronberg, Phillips, & Hanson, 2010; Morgan et al., 2010; Derner & Jin, 2012) .
Ecosystem consequences such as the size of soil C pools following shrub management in western U.S. rangelands, especially those dominated by Wyoming big sagebrush (Artemisia tridentata Nutt. ssp. wyomingensis Beetle & Young) in low rainfall areas (< 350 mm), remains a major knowledge gap (Derner & Schuman, 2007; Morgan et al., 2010; Derner & Jin, 2012) . Despite an extensive history of shrub treatments on these rangelands (Scifres, 1980; Vallentine, 1989) , the focus has been on improving forage production (Archer et al., 2011) rather than soil biogeochemical responses. For example, following shrub management in Wyoming big sagebrush communities, increases of 300-500% in forage production have been observed (Hyder & Sneva, 1956; , with positive responses occurring for decades . To maintain positive responses in Wyoming big sagebrush communities, subsequent shrub management efforts would need to occur about every 20-30 years . C in rangelands, including shrublands (Beier et al., 2009; Pinno & Wilson, 2011) . Total soil C (organic plus inorganic C) in rangeland soils to a 1-m depth ranges from 90 to 266 Mg C ha -1 (Guo, Amundson, Gong, & Yu, 2006) . Total ecosystem C is greater for shrublands compared to grasslands, due to more aboveground biomass C (Pinno & Wilson, 2011; Qiu et al., 2012) . The main factor controlling the fate of soil organic matter (which contains about 57% soil organic carbon, SOC, by weight), in rangelands is the effect of management on vegetation composition (Derner & Schuman, 2007) . Rangelands tend to be C sinks (Schlesinger, 1997; United States Department of Agriculture, 2008) , with SOC sequestration rates of 0.1 to 0.5 Mg C ha -1 yr -1 (Schuman, Reeder, Manley, Hart, & Manley, 1999; Derner & Schuman, 2007; Morgan et al., 2010; Liebig et al., 2010; Derner & Jin, 2012) .
Shrub management treatments include mechanical methods and herbicide applications. These treatments were commonly applied indiscriminately for widespread eradication of shrubs in the 1940s and 1950s; more contemporary efforts have selectively targeted control efforts on the landscape with an emphasis on altering shrub density and cover to provide a wider range of ecosystem services (Archer et al., 2011) . For example, Bastian, Peck, Smith and Jacobs (2012) determined that at canopy cover levels of 8-24% it is economically justified to alter the density and cover of Wyoming big sagebrush. Modifying the structural characteristics of Wyoming big sagebrush plants through mowing or use of selective herbicides can improve wildlife habitat, create fuel breaks for fire suppression, and increase herbaceous production by increasing resource (e.g., soil water) availability and reducing the ability of Wyoming big sagebrush to compete with understory vegetation (Pechanec, Plummer, Robertson, & Hull, 1965; Davies, Bates, Johnson, & Nafus, 2009; Davies, Bates, & Nafus, 2011) . Mowing reduces structural characteristics of Wyoming big sagebrush for up to 20 years (Davies et al., 2009 ) and can increase annual forbs, but also increases the risk of exotic annual grasses invading and dominating the herbaceous community . Herbicides, including tebuthiuron (trade name SPIKE 20P, Dow Elanco Co., Indianapolis, IN, USA) alter vegetation structure by selectively thinning Wyoming big sagebrush when applied at low rates (Olson & Whitson, 2002; Blumenthal, Norton, Derner, & Reeder, 2006) .
Objectives of this study were to determine the plant and soil consequences of shrub management treatments in a Wyoming big sagebrush-dominated rangeland ecosystem. We focus on aboveground vegetation (cover, density) and belowground SOC responses. We hypothesized that mowing Wyoming big sagebrush would increase cover of perennial grasses, without negatively influencing the stand density of Wyoming big sagebrush or decreasing SOC. In contrast, we hypothesized that the selective thinning of Wyoming big sagebrush using a low application rate of tebuthiuron would elicit increased SOC in near surface depths through reduction of densities of Wyoming big sagebrush and the resulting decay of aboveground stored C in biomass and belowground root C of these plants.
Method

Site Description
Research plots were located on Bureau of Land Management allotments north (Seedskadee) and northeast (Cow Hollow) of Kemmerer, WY, with a similar, extensive history of livestock grazing at moderate stocking rates. Mean annual precipitation at Kemmerer is 277 mm, and mean average temperature is 3.6 °C (http://www.usclimatedata.com/climate.php?location=USWY0095). Two ecological sites were studied: 1) Sandy GR (R034AY150WY) at the Seedskadee allotment (SES) and 2) Loamy GR (R034AY122WY) at the Cow Hollow allotment (LES) (for information on ecological sites visit https://esis.sc.egov.usda.gov). Both sites are in the 178 to 229 mm precipitation zone, Green River and Great Divide Basins. The SES has fine sandy loam or sandy loam surface soils with loamy subsurface soils (e.g., loamy-skeletal, mixed, superactive, frigid typichaplocaclids). The LES has thin, coarse loamy surface soils with loamy subsurface soils (e.g., fine-loamy, mixed, superactive, frigid typichaplargids). Vegetation in both ecological sites is dominated by Wyoming big sagebrush with an understory of perennial cool-season grasses. Total annual production for plant communities in high ecological condition state of SES is 616 kg ha -1 (392 kg ha -1 in unfavorable years to 840 kg ha -1 in above-average years). For LES, the value is 560 kg ha -1 (336 kg ha -1 in unfavorable years to 784 kg ha -1 in above-average years) (http://esis.sc.egov.usda.gov/). As Wyoming big sagebrush becomes more dominant in plant communities for both ecological sites, total annual production decreases by 35-70%.
Using paired sets of management treatments with pseudo-replication is commonplace for studies that are evaluating past, long-term effects of land management treatments on ecosystem consequences, especially soil C (reviewed in Derner & Schuman, 2007) . At each ecological site we evaluated paired sets of shrub management treatments.
For the SES, a mowing treatment of 10 cm (4 ha area mowed in 2002 using a tractor-mounted rotary mower) For the LES, shrub management treatments of mowing to 10 cm (4 ha area mowed in 1997 using a tractor-mounted rotary mower) and herbicide application (1997 aerial application of tebuthiuron at a rate of 0.34 kg a.i. ha -1 , applied to 65 ha) were paired to adjacent control locations dominated by Wyoming big sagebrush. All locations in the LES had an understory of native cool-season rhizomatous wheatgrasses (e.g., western wheatgrass [Pascopyrum smithii (Rydb.) Á. Löve]).
Soil and Vegetation Sampling
Soil samples (n=40) were collected in May 2009 from two randomly located 50 m transects for each shrub management treatment. Five locations along each transect (0, 10, 20, 30 and 40 m) were sampled using a tractor mounted Giddings hydraulic soil sampler. This same soil sampling design has been used in prior studies in semiarid rangelands (e.g., Schuman et al., 1999; Ingram et al., 2008) . Shrubs can potentially produce "resource islands" or "islands of fertility" (Charley & West, 1977; Smith, Halvorson, & Bolton, 1994) . Therefore, four soil cores (4 cm inside diameter) to 30 cm depth were taken at each sampling location with stratification of two cores each at the dripline of the nearest Wyoming big sagebrush plant and two additional cores collected either between Wyoming big sagebrush plants (bunchgrass or rhizomatous grass in the shrub treatments) or from bare ground in the controls. Because SOC is concentrated in the upper soil depths (Weaver, Hougen, & Weldon, 1935; Gill, Burke, Milchunas, & Lauenroth, 1999; Derner et al., 2006) , and dry soils precluded deeper sampling, we limited sampling to 30 cm. At the 10 and 30 m locations along each transect, two additional soil cores were taken for determinations of soil bulk density to convert concentrations of soil nitrogen (N) and C to mass. Soils were separated into 0-5 cm, 5-15 cm, and 15-30 cm increments, with roots removed by hand using a 2-mm sieve prior to grinding of soils for chemical analyses. Soils were analyzed for total C and N using an Elementar vario Macro C/N analyzer (Elementar Americas, Inc., Mt. Laurel, NJ, USA) and for inorganic C using the modified pressure-transducer technique (Sherrod, Dunn, Peterson, & Kolberg, 2002) . The difference between total C and inorganic C was SOC. Concentrations of C and N were multiplied by bulk density values to obtain pools of C and N. Soil particle size distribution was determined by the hydrometer method (Gee & Bauder, 1986) and soil pH was measured in a 1:1 suspension mixture of soil:distilled water using a pH electrode. Soil pH and clay content for these ecological sites are presented in Table 1 . 
Statistical Analyses
Data were analyzed separately by ecological site because shrub management treatments were conducted at different times for each site. For each ecological site, a one-way Analysis of Variance (ANOVA) was used to test the main effect of shrub treatment for vegetation and soil data in each paired plot comparison separately using PROC GLM (SAS Institute, 2006) . For soils data, comparisons were conducted at each depth and for the 0-30 cumulative depth. Means were separated using the least squares PDIFF option when the F test of the main effect was significant at P < 0.05.
Results
Sandy Ecological Site (SES)
Vegetation Responses
Mowing in 2002 did not influence live Wyoming big sagebrush plant density, but the density of dead Wyoming big sagebrush plants was three-to four-fold greater, and heights of live plants were shorter ( Figure 1A ). Mowing also increased the intercept frequency of perennial grasses and bare ground, but not for Wyoming big sagebrush (Figure 2A ). The intercept lengths of Wyoming big sagebrush, as well as for bare ground, were shorter with mowing ( Figure 2B ). Significant increases in percent cover of perennial grasses and decreases in percent cover of Wyoming big sagebrush were observed, whereas percent bare ground was unaffected by mowing ( Figure 2C ).
Soil Responses
Soil C and N did not differ between samples collected at the dripline and between the Wyoming big sagebrush plants (P > 0.05), so the dripline and interspace data values were pooled for analyses. Mowing increased soil N in the 5-15 cm, 15-30 cm and for the combined 0-30 cm depth increments in the bunchgrass community compared to the control site ( Figure 3A) . Conversely, no differences were observed between the rhizomatous community and control site for soil N. Soil organic C was similar at all depths across mowing treatments and control ( Figure 3B ). . Lowercase letters indicate significant (P < 0.05) differences between the mowed-bunchgrass treatment and the control, and uppercase letters indicate significant (P < 0.05) differences between the mowed-rhizomatous treatment and the control
Loamy Ecological Site (LES)
Vegetation Responses
Mowing elicited similar findings within the LES as observed for the SES. Mowing in 1997 did not influence density of live Wyoming big sagebrush plants, but the density of dead plants was about three-fold greater, and heights of live plants were also shorter ( Figure 1B ). Mowing substantially increased the intercept frequency of perennial grasses and bare ground, and reduced the frequency of Wyoming big sagebrush ( Figure 2D ). Mowing resulted in shorter intercept lengths of Wyoming big sagebrush as well as bare ground ( Figure 2E ). Percent cover of perennial grasses increased with mowing, whereas percent cover of Wyoming big sagebrush decreased; and percent bare ground was unaffected by mowing ( Figure 2F ).
The herbicide shrub treatment in 1997 had similar effects on vegetation responses as did mowing, with the exceptions of reducing density of live Wyoming big sagebrush plants and increasing height of the remaining live plants. Density of live Wyoming big sagebrush plants was reduced by four-fold, whereas the density of dead plants was about four-fold greater, and the heights of live plants were greater with the herbicide treatment ( Figure 1C ). Herbicide application, like mowing, substantially increased the intercept frequency of perennial grasses and bare ground, and reduced the intercept frequency of Wyoming big sagebrush ( Figure 2G ). Shorter intercept lengths of Wyoming big sagebrush as well as bare ground were also determined ( Figure 2H ). Percent cover of perennial grasses increased, percent cover of Wyoming big sagebrush decreased, and percent bare ground were unaffected by the herbicide treatment ( Figure 2I ).
Soil Responses
Consistent with the SES, soil C and N did not differ between samples collected at the dripline and between the Wyoming big sagebrush plants (P > 0.05), so these values were pooled for analyses. Mowing in 1997 did not influence soil N in the two upper soil depths ( Figure 3C ) nor did it influence SOC across all three soil depths ( Figure 3D ). In contrast, herbicide application in 1997 consistently increased soil N at all three soil depths ( Figure 3E ) and SOC was greater in both the 0-5 cm (43%) and 5-15 cm (17%) soil depths ( Figure 3F ).
Discussion
Plant consequences of shrub management treatments (mowing and aerial herbicide application) in Wyoming big sagebrush-dominated rangelands of southwestern Wyoming on two different ecological sites were consistent for responses to mowing for the SES and LES through 1) no effects on live, but three-to four-fold increases in dead, Wyoming big sagebrush plant densities, 2) reduced height and cover of Wyoming big sagebrush, 3) increased cover of perennial grasses, and 4) no effects on bare ground. Vegetation responses to the herbicide application were similar to mowing with the notable exception of substantially lower densities, but taller live Wyoming big sagebrush plants. Soil responses, in contrast, were not affected by mowing for either SES or LES. Increased SOC was observed with herbicide application in the LES for both the upper two soil depths (0-5 cm and 5-15 cm).
Though we did not directly quantify pools of C in decaying woody tissues, using developed relationships from Rittenhouse and Sneva (1977) for predicting aboveground biomass production of plants from height (25 cm from Figure 1C ) and canopy width (i.e., intercept length from Figure 2H , 20 cm), estimated annual aboveground biomass production (photosynthetic and woody total) for Wyoming big sagebrush plants at the LES control area would be 19.8 g plant -1 . Multiplying this by the difference between live and dead plant densities (1.5 plants m -2 , Figure 1C ), we can estimate that the lost pool of annual aboveground C associated with plants selectively thinned by the herbicide in 1997 would be 0.13 Mg C ha -1 yr -1 (15,000 plants ha -1 × 19.8 g plant -1 × 44% carbon in biomass). Moreover, using aboveground (563 g plant -1 ) and root (225 g plant -1 ) biomass values for individual Wyoming big sagebrush plants (Sturges & Trlica, 1978) , we estimate that a total of 5.20 Mg C ha -1 (15,000 plants ha -1 × 788 g plant -1 × 44% carbon in biomass) would be classified as C associated with dead woody plant tissue as a result of the herbicide application. Approximately 1.50 Mg C ha -1 would be from roots and about half of this would be located in upper 30 cm of the soil profile given the root biomass distribution of Wyoming big sagebrush (Sturges & Trlica, 1978) . Twelve years following the herbicide treatment, we found an additional 1.76 and 1.58 Mg C ha -1 of SOC in the 0-5 and 5-15 cm soil depths, respectively, in the plots that had the herbicide treatment compared to control sites. These values correspond to annual soil C sequestration rates of 0.16 and 0.14 Mg C ha -1 yr -1 for the 0-5 and 5-15 cm soil depths, respectively. Similar rates of SOC sequestration have been reported for semiarid (340 mm mean annual precipitation) shortgrass prairie in Colorado with grazing (Derner & Schuman, 2007) .
Despite the limited research findings and highly variable data on soil C responses to shrub management practices, inferences can be drawn from a larger set of studies evaluating shrub-induced changes to SOC through encroachment of rangelands by shrubs. Experiments have demonstrated positive impacts to SOC due to shrub encroachment (Archer et al., 2011) . When increases in SOC do occur, these are often observed in the upper soil profile (0-20 cm, Boutton, Liao, Filley, & Archer, 2009 ) with accumulation rates ranging from 80 to 300 kg C ha -1 yr -1 (Wheeler, Archer, Asner, & McMurtry, 2007) , and associated increases in soil N occur (Wheeler et al., 2007) . Conversely, complete removal of individual shrubs that have encroached in hot desert rangelands can substantially (67-106%) reduce SOC and N in upper (0-10 cm) soil depths (McClaran, Moore-Kucera, Martens, Haren, & Marsh, 2008) . This loss of SOC and N occurs over a period of about 10-15 years .
There have been numerous attempts over the years to eradicate shrubs and target increased forage production from herbaceous plants through shrub management practices on western rangelands (Archer et al., 2011) . Contemporary applications of shrub management, however, are implemented to address multiple ecosystem goods and services (Follett & Reed, 2010) , including promotion of suitable wildlife habitat (Archer et al., 2011) . This is often the case in Wyoming big sagebrush rangeland systems where the greater sage-grouse (Centrocercus urophasianus) is a focal grassland bird species. Greater sage-grouse are highly dependent on a heterogeneous mosaic of shrub densities, cover and heights throughout its life stages (Connelly, Schroeder, Sands, & Braun, 2000; Crawford et al., 2004; Hagen, Connelly, & Schroeder, 2007) . Davies, Bates and Miller (2006) reported that 90% of the Wyoming big sagebrush cover values were between 6% and 20% in Wyoming, and in the meta-analysis by Hagen et al. (2007) shrub cover values of 7-29% were observed for nesting and brood-rearing habitats of greater sage-grouse. Our results are consistent across two ecological sites (SES and LES) with mowing reducing sagebrush height and cover while concurrently increasing cover of perennial grasses and not detrimentally impacting bare ground. Therefore, mowing is a shrub management tool that can be targeted for use on landscapes to alter Wyoming big sagebrush structure and increase perennial grasses while not detrimentally impacting percent bare ground. Caution is needed in using mowing as a management tool, however, as it may negatively impact winter habitat for wildlife (Davies et al., 2009 ) and can increase risk of invasion by exotic annual grasses . To lessen these deleterious impacts, mowing can be targeted on areas that have an understory of perennial grasses which can respond following the mowing event and be strategically incorporated on the landscape to enhance a mosaic of Wyoming big sagebrush plant communities (Archer et al., 2011) . Likewise, targeted use of selective herbicides can elicit similar vegetation changes as mowing, with lower densities of live Wyoming big sagebrush plants and taller remaining live plants. Greater sage-grouse had higher brood use on plots treated with herbicide than control plots in Utah due to more herbaceous cover (Dalhlgren, Chi, & Messmer, 2006) . Incorporation of herbicide shrub management treatments on the landscape can enhance heterogeneity of vegetation structure in sagebrush steppe ecosystems.
Plant consequences of mowing Wyoming big sagebrush in both SES and LES were positive for modifying vegetation structure and composition, but utilization of this shrub management treatment on the landscape for increased soil C is not justified given our findings of no changes in SOC. Whereas plant consequences of aerial application of the selective herbicide tebuthiuron were also positive for modifying vegetation structure and composition, SOC and soil N pools were enhanced as well as decaying woody tissues (both above-and below-ground) with this shrub management treatment. Sequestration rates of SOC for Wyoming big sagebrush communities treated with the selective herbicide provide much needed scientific information regarding soil C responses to land management in western U.S. rangelands, especially those with a Wyoming big sagebrush (Artemisia tridentata Nutt. ssp. wyomingensis Beetle & Young) component and in lower rainfall areas (< 350 mm) (Derner & Schuman, 2007; Morgan et al., 2010; Derner & Jin, 2012) . These findings provide evidence that sagebrush-dominated semiarid rangelands have the capacity to increase soil C following vegetation manipulation when herbicides are used to selectively thin Wyoming big sagebrush plants. Therefore, land managers looking at shrub management practices to increase soil C and possibly participate in C offset programs (Ritten, Bastian, & Rashford, 2012) could consider herbicide treatments as a shrub management practice.
